For frequency-division duplex multiple-inputmultiple-output (MIMO) systems, the channel state information at the transmitter is usually obtained by sending pilots or reference signals from all elements of the antenna array. The channel is then estimated by the receiver and communicated back to the transmitter. However, for massive MIMO, this periodical estimation of the full transfer matrix can lead to prohibitive overhead. To reduce the amount of data, we propose to estimate the updated channel matrix from the knowledge of the full correlation matrix at the transmitter made during some initialization time and the instantaneous measured channel matrix of smaller size, characterizing the link between the user and a limited number of reference array elements. The proposed algorithm is validated with measured massive MIMO channel transfer functions at 3.5 GHz between a 9 × 9 uniform rectangular array and different user positions. Since measurements were made in static conditions, the criteria chosen for evaluating the performance of the algorithm are based on a comparison of the predicted channel capacity calculated from either the measured or estimated channel matrix.
I. INTRODUCTION
M ASSIVE multiple-input-multiple-output (MIMO) is expected to be a cornerstone for the upcoming fifth generation with multiple use-cases [1] to address new requirements [2] and tackle challenges such as spectral efficiency. Increasing the number of radiating elements at the fixed transmitting side (Tx) in massive MIMO helps alleviate small-scale fading effects and decrease interuser correlation [3] , [4] . The advantages brought by massive MIMO can benefit industrial automation and machine-to-machine communication [5] , [6] in the frame of the fourth Industrial Revolution or Industry 4.0 [7] . For time-division duplex-based systems, channel reciprocity is used Manuscript to estimate the instantaneous channel from uplink (UL) pilots. For frequency-division duplex (FDD), since UL and downlink (DL) use different frequency bands, channel state information at the transmitter (CSIT) is usually obtained by sending orthogonal pilots from all Tx elements and requesting channel feedback from user equipment (UE). However, for massive systems using a very large number of transmitting antennas, CSIT may generate high overhead, which fundamentally limits the number of potential simultaneous data streams. Various solutions have already been proposed to cope with this problem. A simplified DL scheduling based on joint spatial division and multiplexing was studied in [8] - [10] , the UEs being clustered into groups having similar channel covariances. If the distribution of the UEs is such that the channel matrix has a low rank, [11] proposed to use this property to make a joint recovery of CSIT for all scheduled UEs, each of them directly feeding back the pilots observation to the base station (BS) without performing channel estimation. Compressive-sensing-based approaches that exploit sparsity properties of the channel are proposed in [12] and [13] , while temporal-correlation approaches using trellis-code quantization codebooks and memory channel sequences to decrease CSIT estimation are described in [14] . In [15] , the basic idea is to exploit the structure of the spatial channel correlation matrix (CCM) with reduced CSIT and to use the dominant eigenspace and Karhunen-Loeve representations. These models are mostly applied to analytical channels (Rayleigh channel) assuming non-line-of-sight (NLOS) propagation and mutually independent user channels with rich local scattering. It must be emphasized that results based on measured channels are quite scarce.
In this letter, an easy-to-implement simple approach to decrease the overhead related to the determination of CSIT is proposed and tested using measured channels in an industrial hall in the context of Industry 4.0. It is based on three successive steps: 1) During the initialization process at time t, the full CSIT is measured with the classical approach using feedback of the UEs, allowing the determination of the CCM matrix at the transmitter ρ Tx (t). massive MIMO radio channels at 3.5 GHz in indoor scenarios were measured rather than simulated propagation channels. Various line-of-sight (LOS) and NLOS configurations have been considered, the fixed Tx array being a 9 × 9 uniform rectangular array (URA). This letter is organized as follows. In Section II, the configuration of the industrial environment is first described, including the characteristics of the Tx and receiving antenna (Rx) and the measurement setup. Section III presents results on channel correlation at Tx, for all scenarios. The principle of the CSIT estimation algorithm is detailed in Section IV, while the approach to optimally select the reference antennas is described in Section V. Finally, the performance and validity of the algorithm are discussed.
II. DESCRIPTION OF THE MEASUREMENT CONFIGURATION

A. Geometrical Configuration
The propagation environment is a large industrial hall located in Technologiepark-Zwijnaarde, Belgium [16] . The 21 × 77 × 12 m 3 hall is dedicated for testing the robustness of concrete structures. The dominant building material is concrete. The windows are located near the ceiling, and a large metallic industrial door closed during measurements is located at the end of the hall. Metallic machines and measurement tools can be found in the environment, typical for automation cells in Industry 4.0. A panoramic view is given in Fig. 1(a) . The scenario is a multiuser massive multiple-input-single-output (MISO) setup with K = 15 distributed single-antenna users and whose positions are shown in Fig. 1(b) by the numbered circles. The machines distributed in the hall can either act as reflectors or block the direct path between Tx and Rx, but are not indicated.
The Rx positions have been chosen to cover most of the operational configurations, i.e., LOS (positions 1-2 and 4-7), NLOS (positions 8-11, 14-15) and obstructed LOS (OLOS) (positions 3, 12-13). For the last case, the direct path is only masked by a small metallic (or concrete) structure. The horizontal distance between Tx and the farthest Rx is 56 m. The transfer matrices were measured by moving the Rx antenna to each selected position at constant height equal to 1.6 m. The Tx array is a virtual vertical URA of size M x = 9 and M z = 9, M x and M z being the number of antennas along x-and z-axis. M t = M x M z is the total number of antennas. The positioning system of the moving Tx antenna is controlled through a fiber optics link with a dedicated LabView program installed on a Windows PC. The interelement spacing of the virtual array is λ/2 at the center frequency of 3.5 GHz leading to a 38 cm × 38 cm URA. The mean height above ground is 6.5 m, as Tx overlooks the hall as seen in Fig. 1(a) .
B. Measurement Setup
Tx and Rx are vertically polarized patch antennas with 80 MHz bandwidth (S 11 < −10 dB). They have an 80 • halfpower beamwidth, both in azimuth and elevation, and a 7 dBi gain. The main beam of Rx is always oriented toward the Tx array for all studied LOS and NLOS scenarios. Channel measurements were performed in the frequency domain using a vector network analyzer (VNA) (Agilent E5071C). The VNA is in the vicinity of Tx and optical fiber optics were deployed for connecting Rx through optical/radio frequency interfaces. Results presented in this letter consider a frequency band of 20 MHz, which is the maximum available DL bandwidth for Long Term Evolution (LTE) systems. Within this band, the channel transfer function is measured on M f = 205 frequency points. Nevertheless, to increase the number of realizations, measurements have been successively made on four adjacent 20 MHz bands allowing us to study the average performance of the proposed CSIT recovery. For each position k of Rx, the wideband complex channel transfer function h k,ij (f ) between Rx and any element (i, j) of the Tx array is given by the S 21 scattering parameter measured by the VNA. Considering all M f frequency points, the transfer function becomes a vector h k,ij ∈ C 1×M f .
III. CORRELATION BETWEEN ARRAY ANTENNAS
The influence of the antenna element separation on the correlation coefficient ρ has been analyzed for spacing values varying from d to 8d. Due to the hall configuration and the relative positions of the Tx and Rx antennas (see Fig. 1 ), ρ varies differently across elements aligned along a vertical line (z-axis) or a horizontal line (x-axis). Cumulative distribution function (CDF) curves corresponding to these two cases are shown in Fig. 2(a) and (b), respectively, and are deduced from all ρ values calculated for the 15 Rx positions. Fig. 2(a) and (b) indicates that ρ is much higher in the vertical plane than in the horizontal plane. Indeed, in this vertical plane, all possible rays have a large elevation angle with small angular spread minimizing the phase shift between antennas. For the horizontal correlation, the median value of ρ decreases as a function of separation, from 0.84 for d, to 0.73 for 2d, and 0.61 for 8d. These results will be used to optimize the parameters of the proposed approach minimizing CSIT overhead.
IV. PRINCIPLE OF THE CSIT ESTIMATION PROCEDURE
To reduce the amount of notation and without loss of generality, only one Rx is considered here. Hence, the subscript k identifying the user is omitted. It is assumed that during an initialization process at time t, the DL channel transfer vector h ij between the user and any antenna (i, j) of the array is estimated by the UE (Rx) and sent back to the BS (Tx). The question that arises is to estimate this transfer vector at time t + Δt, while minimizing the complexity of the procedure and the number of symbols required for this updated estimation. The fundamental idea is to measure the channel between the user and a reduced number of antennas M ref called reference antennas, belonging to a subset of the massive array. The full transfer matrix will be estimated owing to the knowledge of a reduced correlation vector, as detailed in the next paragraph. In order to simplify the notation, the different channel matrices are vectorized using the vec operator.
A. Reduced Correlation Vector and Reduced Channel Transfer Vector
Let 
where the upper script H means conjugate transpose.
Applying (1) 
B. Estimation of the Channel Matrix
It is proposed to estimate the updated channel vector h ij (t + Δt) between the UE and any array element (i, j) from the knowledge of h ref (t + Δt) and ρ(t) by assimilating this process to an autoregressive model, which can be solved using the Yule-Walker equations [17] . In the following, to simplify the notation and since there is no ambiguity, the time reference t or t + Δt is omitted. The estimateĥ ij can be written in the following form [17] 
The vector α ref is defined by
. For a multiuser (MU) configuration with K UEs, this approach is repeated K times. Qualitatively, one can expect that this approach will provide better results if the channel transfer function does not strongly vary from one reference antenna to its nearest one (large correlation value).
V. OPTIMIZATION OF THE ALGORITHM AND PERFORMANCES
An analysis on the performance of the method as a function of the number of reference antennas is presented hereafter using the capability to predict the channel capacity C as a figure of merit. Either individual links to successive UEs or a global link to multi-UEs are envisaged. In this last case, the sum-rate capacity is calculated using two preprocessing techniques: maximum ratio transmission (MRT) and zero forcing (ZF). The channel characteristics used to validate the approach are those deduced from experimental data, as described in Sections II and III. Since measurements have been made in static conditions, the efficiency of the proposed method is based on a comparison between results performed with the full measured matrix to those calculated with the estimated matrix.
A. Single-User Configuration
The ergodic capacity for any user k, assuming equal power allocation of the M t array antennas and deduced from the measured channels, is given by (4)
where σ is the mean signal-to-noise ratio and h k is a vector of size (1, M t M f ). The capacityĈ(k) calculated from the estimated channels is obtained by replacing h H k byĥ H k in (4). The ratio betweenĈ(k) and C(k), noted β =Ĉ (k) C(k) × 100, provides a performance metric for the proposed strategy. Fig. 3 shows β as a function of the UE position for M ref values varying from 4 to 32, and for the 15 Rx positions. In all cases, the reference antennas are uniformly distributed within the array. First, it is observed in Fig. 3 that the performance of the channel estimator does not strongly depend on the scenarios: LOS (positions 1-2, 4-7), OLOS (3, (12) (13) , and NLOS (8) (9) (10) (11) (14) (15) . With only nine reference elements (∼ 10% of the total number of Tx antennas), values of β > 90% are reached. The worst case appears for position 11, having very low spatial coherence among antenna elements at the BS. For M ref = 9, the separation between two successive reference antennas along the x-or z-axis is 3d. The correlation median value for this distance evaluated in Section III is ≥ 0.7. In conclusion, the successive steps to optimize M ref can be the following: 1) From the measured full CSIT matrix at time t, calculate the correlation coefficients between all array antennas. 2) Determine the separation between these antennas, which will be used as reference antennas, such that the median value of ρ ≥ 0.7. 3) Equally distribute these reference antennas among the array.
B. Multiuser Configuration
In presence of K simultaneous UEs (K = 15 in our application), the sum-rate capacity is given by (5)
H is the MU-MIMO channel matrix of size (K, M t M f ), and W the normalized MRT or ZF precoding matrix given in [18] , for example. β for the sum-rate capacity is given in Table I for a number of reference antennas equal to 4, 9, 16 , and 32. When increasingM ref , the convergence of ZF toward 100% is slower than for MRT, ZF being more affected by estimation errors. However, it must be outlined that this does not mean that MRT has higher sum-rate capacities compared to those of ZF, at least for the geometrical configuration presented in Fig. 1 . Indeed, the capacity deduced from measurements of the full transfer matrix, without estimation error, reaches 29 b/s/Hz and 89 b/s/Hz for MRT and ZF, respectively. This can be explained by the relatively high number of LOS scenarios (7 among 15) . For this case, correlation between these UEs is rather high, with a median value of 0.73, and the MRT precoding technique does not take interuser interference into account. From Table I , it appears thatM ref = 9 is an adequate value. Consequently, this validates the approach to select the number of reference antennas previously introduced.
VI. CONCLUSION
A strategy to reduce the amount of overhead data needed for periodic channel estimation was proposed for FDD schemes. It is based on measurements of massive MIMO transfer functions between UEs and only a few number of array elements, strongly decreasing the size of the channel matrix. The estimation of the full matrix is then obtained owing to the prior knowledge of the correlation matrix at the transmitter. It is demonstrated that the size of the updated channel matrix to be measured can be reduced by a factor of 10. It must be emphasized that the proposed method is efficient to implement and does not require exhaustive operations for channel estimation. Indeed, the use of a reduced correlation vector of size (1 × M ref ) instead of the full matrix simplifies the structure of the Toeplitz matrix and its subsequent inversion. These preliminary results are encouraging, and the proposed approach should be further assessed in the context of high-speed user mobility from measured time-varying radio channels.
